Introduction
Evolutionary diversification of multi-cellular organisms largely depends on body plans, in which complex morphologies develop under the integrated control of multiple genes [1] .
The interaction among genes and gene products forms a regulatory network that orchestrates gene expression pattern to specify the morphologies. Mutational modification in gene regulation networks alters gene expression dynamics that provide a basis for morphogenetic diversity. A fundamental key to understanding evolutionary developmental biology is to elucidate how a gene network determines body plan, its diversity, and its potential to evolve [2] [3] [4] [5] [6] . Here we focus on gene expression patterning in segmented body plans during arthropod embryogenesis as model systems to address this question.
Arthropod segmentation exhibits three developmental modes of the stripe pattern formation in gene expression that specify the future elementary segments of an adult body [7, 8] .
Many of the descendant arthropod species (Fig. 1A; e.g., the fly Drosophila melanogaster [9] ) follow the 'long germ-band' mode of development where stripes appear simultaneously along the anterior-posterior axis. In contrast, ancestral species ( Fig. 1B; e.g., the beetle Tribolium castaneum [10] and the spider Cupiennius salei [11] ) exhibit 'short germ-band' mode where stripes appear sequentially. A combination of both is found in 'intermediate germ-band' mode; anterior stripes appear simultaneously while the remaining posterior stripes appear sequentially ( Fig. 1C; e.g., the cricket Gryllus bimaculatus [12] and the milkweed bug Oncopeltus fasciatus [13] ). Conservation of regulatory genes such as gap and pair-rule genes among arthropods indicates that the differences in the stripe formation 5 have originated from architecture of the regulatory network. Comparative studies from species to species have extensively been carried out to reveal differences in spatiotemporal gene expression pattern while knockout responses are studied to decipher a functional role of genes in shaping the morphogenesis [14] [15] [16] [17] . To address these problems, here we adopt an integrated approach by analyzing structure and function of gene networks, and modeling diversity in striped pattern formation. In order to reveal the basic differences in the network architecture, developmental gene networks are numerically evolved [18] [19] [20] [21] [22] [23] under selection pressure to form a target number of stripes expressed in a specific gene, which we label #1 without loss of generality ( Figure S1 ; see Methods). We find emergence of three developmental modes to form the stripes. The three modes are characterized by the presence and abundance of Feed-Forward Loops (FFLs), Feed-Back Loops (FBLs), and interconnection between the two types of loops in the gene 6 network. As we will see later, these three modes strikingly agree with long, short, and intermediate germ development in arthropod segmentation respectively, with regard to spatio-temporal gene expression and knockout responses. Furthermore, network architectures composed of FFLs and/or negative FBLs exhibit a trade-off constraint between mutational robustness and developmental speed, which may play a crucial role in the evolution of segmented body plans.
Results and Discussions
Three developmental modes in artificial evolution.
Within approximately 1000 independent evolutionary trials, we discovered that the selected networks exhibit three basic modes of spatio-temporal gene expression (Figs. 1D-F and S12): simultaneous, sequential, and combinatorial stripe formation. In the mode displayed in Figure 1D , stripes appear almost simultaneously, while in another mode shown in Figure   1E each stripe appears one by one. Figure 1F shows an example of combinatorial formation, where stripes appear simultaneously on the left side but sequentially on the right side.
These modes are well known for the spatio-temporal expression of segment polarity genes in the long [9, 24, 25] (Fig. 1A) , short [10, 11, [26] [27] [28] [29] (Fig. 1B) , and intermediate [12, 13] (Fig.   1C ) germ embryogenesis of arthropods. In addition to simultaneous stripe formation of gene #1, expression of the upstream genes in the network ( Fig. 2A ) also follows a characteristic pattern observed in long germ insects [9, 24, 25] (Figs. 1G and S2A) ; a maternal gene in a simple gradient, gap genes in one or two domains, pair-rule genes that form half as many stripes as segment polarity genes -a phenomenon known as 'double 7 segment periodicity [9, 16] '. Similarly, in networks exhibiting sequential and combinatorial stripe formation, as will be discussed, the expression patterns of the other genes closely follow those reported for short [30] and intermediate [12, 13, 31] germ-band arthropods respectively (Figs. 1H-I, S2B-C, and S3B-C).
Modularity in artificially evolved networks.
In order to find the underlying network properties that give rise to the three distinct developmental modes, we first extracted minimal sub-networks necessary for the striped pattern ( Fig. 1D-F ) from the evolved networks ( Fig. 2A-C ; see Methods and other representative examples in Fig. S5 ). We shall hereafter refer to these as 'core networks'.
Second, the core networks were classified into long, short, and intermediate germ modes according to the exhibited mode of stripe formation as described above (see Methods).
Then, for each mode, we investigated the appearances of the two prominent motifs in regulatory networks -FFLs and FBLs [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . We have discovered that multiple FFLs ( Fig.   2A ) are always included in the core networks in the long germ modes while at least one negative FBL (Fig. 2B ) is always included in the short germ mode. Figure 2D shows the fraction of core networks that contains FFL and negative and positive FBLs. Multiple occurrences of FFLs in the long germ network (indicated by green bar graph in Fig. 2D) have been observed, while the appearance of at least one negative FBL in the short germ network (indicated by pink in Fig. 2D ; Positive FBL is not always included in either long or short germ networks as indicated by gray in Fig. 2D ). Both FFL and negative FBL always coexist for the intermediate germ network (Fig. 2C-D) . and S2A). The function of FFLs connected in series (marked by * in Fig. 2A ) is to double the number of stripes, whereas the function of FFLs connected in parallel (marked by + in Fig. 2A ) is to add a stripe [42] . The number of stripes to be added is determined depending on the number of FFLs connected in series or in parallel (Figs. S7 and S8) . A negative FBL, on the other hand, functions as a temporal oscillation generator. Short germ development is expected to operate by a mechanism [14, 16] similar to segmentation in vertebrates where oscillations are translated into sequential striped patterns by intercellular interactions [45] [46] [47] [48] [49] . Genes located either within or directly downstream of a negative FBL are subjected to temporal regulation by the FBL (Fig. S9B) , resulting in sequential stripe formation (Fig. S3B ). In the intermediate germ mode, genes regulated by a negative FBL (marked by ∆ in Fig. 2C) show the sequential stripe formation, whereas genes regulated by FFLs (marked by + in Fig. 2C ) show simultaneous stripe formation (Figs. S3C and S9C ).
These results suggest that parallel connection of FFL and negative FBL organizes the combinatorial stripe formation. Fig. 2A and C) often results in defects confined to a few domains in a long or intermediate germ mode as observed for the gap mutation [12, 13, 50] (yellow green panels in Fig. 3 ). Disrupting a FFL connected in series (* in Fig. 2A-C ) often leads to absence of every other stripes as in the pair-rule mutation [30, 50] (blue green panels in Fig.   3 ), while disrupting gene at the top of the FFL (e.g., #14 in Fig. 2A ) extinguishes all the stripes (the lowest figure in Fig. 3A ). By disrupting a negative FBL (∆ in Fig. 2B-C) , stripes that are formed sequentially are extinguished completely in short and intermediate germ modes (pink panels in Fig. 3 ).
The function of positive FBL sharpens striped pattern through interaction with a FFL [51] and amplifies temporal oscillation through the interaction with a negative FBL. However each role of positive FBL can be substituted by FFL and negative FBL, respectively, by tuning up parameter values in the FFL and the negative FBL through evolution. Thus a positive FBL is not necessary module (Fig. 2D) . These results indicate that FFL and negative FBL are elementary modules responsible for the three characteristic modes of development.
Network architecture in arthropod segmentation.
In contrast to detailed models for a specific species [52, 53] , our aim is to capture general consequence of evolution of gene expression dynamics that hold over a large number of both artificial and arthropod networks. All the evolved network models we examined were exactly classified into three modes, sequential, simultaneous or combinatorial formation, respectively. We identified necessary network module for each mode (Fig. 2D ) and confirmed its function for the stripe formation (Fig. 3A-C and Result S1). Characteristics in spatiotemporal gene expression pattern and the network structure are summarized in Table   1 . These three modes in our models agree rather well with the short, long, and intermediate bimaculatus [12] and O. fasciatus [13] . Even though detailed knowledge on the gene network for them is not yet available, we infer here that the arthropod genes should be located within a FFL connected in parallel, as in #30 and 17 in Fig (Fig. S7D) . Indeed, the double segment periodicity is widely observed in arthropod pair-rule gene expression [9, 10, 26, 29, 30, 54] . Disrupting the secondary pair-rule genes [9] in D. melanogaster and T. castaneum (short germ) leads to absence of every other stripes in segment 12 polarity gene expression with the deletion [30, 50] or the fusion [50, 55] of every other stripe, while null mutation of the primary pair-rule gene even-skipped in D.
melanogaster extinguishes the segments [56] . Thus the arthropod secondary and primary pair-rule genes are expected within a FFL connected in series (e.g, #27 in Fig.   2A , #20 in Fig. 2B and #14 in Fig. 2C ), and at the top of the FFL (#14 in Fig. 2A), respectively.
Genes which express striped pattern sequentially: In short germ network models, several genes in a negative FBL express striped pattern sequentially from the anterior to posterior end while disrupting one of the genes always extinguishes almost all the stripes (e.g., gene #10, #11, #13 and #17 in Figs. S3B and 3B). In intermediate germ network models, a gene subjected to a negative FBL expresses striped pattern sequentially around posterior end while disrupting the gene extinguishes the stripes at the corresponding domain in the wild type (#3 in Figs. S3C and 3C ). Moreover, striped pattern among genes in the FBL is partially overlapped, irrespective of the developmental modes (e.g., Fig. S2B ). We have found such partial overlap only when the genes are located in a negative FBL (∆ in Fig. 2B ). Indeed, these types of spatio-temporal expression and knockout responses were reported in primary pair-rule genes in T. castaneum [30, 57] , Notch/Delta in C. salei (short germ) [11] , and even-skipped in O. fasciatus [31] . Thus these arthropod genes are expected to be located either within (e.g., #10, #11, #13 and #17 in Fig. 2B ) or at the downstream of a FBL (#3 in Fig. 2C ).
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Abundance and interconnection of FFLs in accordance with the above predictions are well documented in D. melanogaster [42, 58] . For example, existence of FFL composed of primary and secondary pair-rule genes and segment polarity gene was reported (Fig. 5 in ref. [55] ). For T. castaneum [30] , genetic studies suggest that the primary and secondary pair-rule genes are located within a negative FBL and a FFL connected in series as shown in Figure 2B . We infer that the negative FBL and FFL are responsible modules for forming stripes sequentially and double segmental periodicity, respectively. Spatio-temporal expression and knockout response of evolutionarily conserved genes such as even-skipped may differ dramatically from species to species [8, 16, 17, 59] . The above results exemplify the necessary rewiring of FFLs and/or negative FBLs that must have taken place during the arthropod evolution.
Network modularity and the robustness in developmental evolution.
We now discuss implications of the network architectures derived from our models to each developmental mode and evolutionary process. The hierarchical structure of FFLs add or double stripes in order to form multiple stripes in all long germ core networks; a gene expressed in a simple gradient (#10 and #26 in Figs. 1G, S2A and 2A, and Result S1) is followed by genes that are expressed in one or two stripes (#30 and #6). They are further connected to genes appearing in many more stripes (#14 and #1). The knockout response varies depending on the exact position of the disturbed FFL in the core network (Fig. 3A) .
On the other hand, variations in striped pattern are only occasionally observed in short germ networks. The majority of the mutant networks show no changes in the number of 14 stripes while a very small fraction of them fails to form stripes all together (Fig. 3B) . Hence, a hierarchy of FFLs and a variety of knockout responses are necessary features of the long germ development. In contrast, for the short term development, there is no such hierarchy and consequently, no strict necessity in variety of knockout response.
The susceptibility to network perturbation (Fig. 3) is known as robustness of the network chance for the dynamics to be disrupted by mutation. Of course how a certain gene regulatory network works depends not only on the topology but also on the parameters of gene regulation K j→i . As can be inferred from the earlier studies of FFLs [42] , they work at a certain range of parameters. Here, we have found that the evolved network has robustness against parameter variation in K j→i under fixed network topology. In contrast to perturbation on the topology, the parameter robustness is stronger for long-germ networks than short-germ networks ( Fig. 4B ; see Figure S12 also for robustness to noisy perturbation in development).
Mutational robustness in evolution could be described by a trade-off between two features of the robustness to network topology and parameters. Comparing the networks evolved under different mutation rate µ (i.e. the probability of genetic change introduced in a network element per evolutionary generation; see Methods), short germ networks appear more frequently at a higher mutation rate µ (Fig. 4C) . On the other hand, simultaneous expressions of stripes take a shorter developmental time than sequential ones (Fig. 4D ).
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Hence, long germ modes appear more frequently under a selective pressure for rapid development (Fig. 4E) . Transitions between short and long germ-band development occurred during evolution of arthropods [7, 8, [14] [15] [16] 49] . This trade-off between the mutational robustness and developmental speed may provide an evolutionary transition from short to long germ mode.
Future problems.
Even though we have confirmed correspondence between our models and arthropod in segmentation, there remain some problems that have to be clarified in future: First, peak position of striped pattern in a gene expression is less homogeneous in many of long germ network models (Figs. 1D and S5A ) compared with those observed in arthropod. Here, detailed peak position can depend more sensitively on the parameters in development. Even under fixed network topology, the heterogeneity in the peak-to-peak distance in the model was reduced by tuning the parameter values through a suitable selection pressure ( Figure   S14 ). Second, we have not so far found any short germ network model with the two roles of gap genes on wild type expression and knockout response described above while they were well documented in T. castaneum [64] [65] [66] [67] . It might be related to embryo growth around posterior side [15] that was not considered here. Third, the positive FBLs is not a necessary module in our models, while it is necessary to quantitatively reproduce spatial and temporal expression of gap [53] and segment polarity [62] genes in D. melanogaster. The present study focuses on rather qualitative aspects of stripe formation and knockout responses to capture a unifying view among diverse striped patterns. The relationship between FFLs and 16 positive FBL will be addressed in evolution of both quantitative and qualitative information in spatial pattern. Last but not the least, evolutionary transition process among the three developmental modes is an important issue to be studied along the line of our study.
Conclusion
Our aim here is to elucidate a unifying mechanism behind diverse processes across species.
We derive four predictions regarding the network architectures of arthropod segmentation. And lastly, the double segment periodicity is a signature of spatial organization by serially connected FFLs. For T. castaneum, the negative FBL and FFL composed of pair-rule genes [30] should form stripes sequentially and double segmental periodicity, respectively.
Although the above predictions should be carefully tested, the overall agreement between our highly abstract model and the well-studied arthropods indicates that the appearance of long, short, and intermediate germ-band development are not by chance but rather by necessity [18, 68, 69] in the evolution of segmented body plans.
Note added in Proof: In a recent publication [70] , evolution of gene network for segmentation is also studied. In particular by focusing on short germ development, they implemented embryo growth at the posterior end to understand ceasing temporal oscillation, known as "clock and wave front" model [71] . They found the mechanism through the interaction of time periodic gene expression and morphogen gradient that moves along with posterior growth. In the present paper, the growth was not concerned and ceasing oscillation rarely appears in short germ mode (Fig. S5B) . In contrast, we here have identified for the first time responsible network modules for long and intermediate germ modes as well as short germ mode, and clarified these function. From the analysis of the network architecture, we have explained not only the characteristics of each mode but also many of knockout phenotypes, and predicted arthropod gene network topology.
Methods

Gene network model for development.
Gene expression is governed by a regulatory network [21, 53] , in which a single node indicates a single gene, and a connection with an arrow indicates a regulation of a downstream gene #i by an upstream gene #j (see Fig. 2A-C) . Architecture of the network is represented by a connection matrix c j→i where c j→i = 1, -1 and 0 indicate positive (a red arrow in Fig. 2A-C) , negative (a blue arrow), and no regulation, respectively. Expression level of gene #i is represented by the concentration of its product, e.g., protein, P i . The dynamics of the gene expression obeys
where γ is the degradation rate constant, D i is the diffusion coefficient of the gene product #i, and x is the position along the anterior-posterior axis in the embryo. The regulation mediated by gene #j follows a Hill equation ( ; ) ( ; ) 
Evolution of gene network
A single generation of the evolutionary dynamics is composed of (i) mutation, (ii) development, and (iii) selection ( 
Classification of developmental modes.
When the time required to complete stripes of gene #1 expression is less than a certain threshold t dev /2 and all the stripes appear without temporal oscillations in development, the network is classified into a long germ mode. When the time is longer than the threshold and each stripe appears one by one as they oscillate, the network is counted as a short germ mode (See the temporal oscillations in Fig. S9 ). When a part of the stripes appears within 20 t dev /2 and without oscillation, while the remaining stripes appear one by one together with oscillations, the network is classified into an intermediate germ mode. Since the time is different between long and short germ modes (Fig. 4D) , the classification is little affected by the choice of the threshold.
Extraction of core networks.
We systematically eliminated regulatory connections in the gene networks keeping the number of stripes expressed for gene #1 at t =t dev (See Fig. S4 ). If the stripes remain unperturbed by the tentative removal of a connection, the connection is eliminated from the network. This process is repeated until no further elimination is possible. The extraction yields a unique network irrespective of the order of elimination for the majority of the networks.
Network modules.
When a regulatory connection from a node is looped back to regulate itself via other nodes, it is called a Feed-Back Loop (FBL). A direct auto-regulation is not counted as a FBL.
Influence of the feedback regulation in total is classified into negative FBL (see examples marked by ∆ in Fig. 2B -C) and positive FBL (e.g., a FBL composed of genes #10 and #13
in Fig. 2B ), respectively. When a node regulates another node by two different connections, either directly or indirectly, the sub-network composed of the nodes and their connections are called a Feed-Forward Loop (FFL: e.g., * and + in Fig. 2A-C) . The FFL is a loop as structure, but not as a directed network. Here we follow the use of this term by Alon et al.,
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which is widely adopted [58] . Unlike their definition [58] , it should be noted that the number of genes within a module is not constrained to three in the present work. This is because it can be analytically shown that the ability of a FFL to form a stripe does not depend on the number of constituent nodes (Fig. S7) . We counted the number of FFLs and negative and positive FBLs in each core network (Figs. 2D and S6A-B ; See also Fig. S13 for the demonstration of modules extracted from core networks shown in Fig. 2A-C) . The number of the core networks used to derive the statistics is 197 for the long germ, 300 for the short germ, and 190 for the intermediate germ networks. When all regulatory pathways from "input" gene #0 to "output" gene #1 pass through a network module (e.g., FFL marked by * in Fig. 2A-C) , we defined it as connection in series. When some pathways from gene #0 to #1 go through a module and the others do not (e.g., FFLs marked by + in Fig. 2A and C, and a negative FBL marked by ∆ in Fig. 2C ), we defined it as connection in parallel.
Knockout experiments.
Mutant networks are generated by eliminating a connection or a node from the original network. Elimination of a node is implemented by setting the expression level of the corresponding gene product P i to 0 throughout development. Likewise, a regulatory connection is eliminated by setting c j→i to 0. Upon completion of the mutant network development, spatial expression pattern of gene #1 is measured.
Parameter robustness of striped pattern.
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Maintenance of the stripe number against variation of parameters is investigated. We chose a reference system that exhibits formation of given stripe number, and perturbed the system by randomly modifying its threshold value of gene regulation K j→i while preserving the network topology. An ensemble of a thousand altered systems was thus generated. Each alternation of the reference system was characterized by the total parameter variation δK, which was introduced [60] as:
where K j→i´ is parameter in the altered system. Development of the altered system was subjected to reaction-diffusion process.
Following the developmental process, we measured the fraction of the altered systems that maintain the same stripe number as the original reference system. For genes #11, #10, #13, #17, and #20 in (H), the number of stripes that appear sequentially is about half as many stripes for #1. During short germ-band development, pair-rule genes are also expressed sequentially [10] and show half as many stripes for the segment polarity genes [30] . In (I), spatio-temporal dynamics of genes #21, #25, #4, #10, #15, #8, #31, #3, #17, and #14 agree with expression of gap and pair-rule genes in intermediate germ-band insects [12, 13, 31] . a.u.; arbitrary unit. Figure. D.
